Few-layer graphenes (FLG) produced by dispersion and exfoliation of graphite in Nmethylpyrrolidone were successfully functionalized using the 1,3-dipolar cycloaddition of azomethine ylides. The amino functional groups attached to graphene sheets were quantified by the Kaiser test. These amino groups selectively bind to gold nanorods, which were introduced as contrast markers for the identification of the graphene reactive sites. The interaction between gold nanorods and functionalized graphene was followed by UV؊vis spectroscopy. The presence of the organic groups was confirmed by X-ray photoelectron spectroscopy and thermogravimetric analysis. The sheets were characterized by transmission electron microscopy, demonstrating the presence of gold nanorods distributed uniformly all over the graphene surface. This observation indicates that reaction has taken place not just at the edges but also at the internal CAC bonds of graphene. Our results identify exfoliated graphene as a considerably more reactive structure than graphite and hence open the possibility to control the functionalization for use as a scaffold in the construction of organized composite nanomaterials.
Functionalization of Graphene via 1,3-Dipolar Cycloaddition
G raphene is a single layer of carbon atoms arranged in a hexagonal lattice and one of the few structures that are stable in two dimensions. 1 Its extraordinary properties, such as high carrier mobility, half-integer quantum Hall effect at room temperature, 2 spin transport, 3 high elasticity, 4 electromechanical modulation, and ferromagnetism, 5 have made graphene a very promising candidate as a robust atomic-scale scaffold in the design of new nanomaterials. 6 The integration of graphene sheets with metal or semiconductor nanoparticles for the creation of new biosensors, 7 energy storage materials, 8 and fuel cells 9 has been proposed. Modification of the carbon network by grafting atoms or molecules is important in the design of graphene-based nanoelectronics because this provides a means to dope the material. 10 For the development of optoelectronic devices, functionalization of graphene with photoactive molecules can provide interesting donorϪacceptor nanohybrids. 11 Before one can chemically manipulate graphene and transform it into various functional structures or integrate it with other materials to form nanodevices, two preliminary steps are necessary: first, graphite has to be chemically exfoliated into individual or few-layer sheets, and second, the graphene sheets have to be stabilized. Recently, high-yield liquid-phase exfoliation of graphite into individual sheets by stabilization through interactions with the solvent was reported. 12 This methodology opens the way to carry out different organic reactions on graphene in order to produce specific structures for functional devices.
An interesting reaction to test on graphene is the 1,3-dipolar cycloaddition of azomethine ylides because this reaction has been extensively used for the chemical modification of carbon nanotubes 13 (CNTs) and fullerenes 14 with applications in different fields such as solar energy conversion and biosensors. 15 CNTs and fullerenes differ from graphene in that they present a curvature which mixes some sp 3 character into the sp 2 hydridization. In fullerenes and CNTs, the curvature has been put in relation with the reactivity of the carbon nanostructure: the stronger the curvature, the higher the reactivity. 16 In graphene instead, the sheet edges are considered the most reactive sites. 17 With this contribution, we demonstrate that even if the reactivity of graphene differs from that of fullerenes and CNTs, the 1,3-dipolar cycloaddition can be performed efficiently and yields a highly functionalized material. 18 To prove this, we identified the reactive sites on graphene layers by introducing amino groups quantified by the Kaiser test. These free amino groups selectively bind to gold nanorods (AuNRs), which were employed as contrast markers.
*Address correspondence to prato@units.it.
The interaction between AuNRs and functionalized graphene was followed by UVϪvis spectroscopy, while the morphological changes were characterized by transmission electron microscopy (TEM). The presence of the organic groups and their interaction with AuNRs were verified by X-ray photoelectron spectroscopy (XPS). Thermogravimetric analysis (TGA) confirmed the functionalization degree of the products. In short, here we prove that 1,3-dipolar cycloaddition of azomethine ylides on graphene produces a highly functionalized material that provides a platform for the construction of a nanocomposite material using AuNRs.
RESULTS AND DISCUSSION
To obtain graphene sheets 1, we have used the solvent extraction procedure 12 because by this technique it is possible to effectively produce single and few graphene layers without the use of intercalants, 19 polymers, 20 or surfactants, 21 which might interfere with the organic reaction. Functionalized graphene 2 was prepared by condensation of paraformaldehyde with a modified ␣-amino acid (BocNHCH 2 CH 2 OCH 2 CH 2 OCH 2 CH 2 NHCH 2 COOH), followed by the deprotection of the t-butyl carbamate group (Boc group) to afford 3 (Scheme 1).
To verify the presence of free amino groups in the products, we have performed the quantitative Kaiser test. 22 For graphenes 1 and 2, we obtained a negative test value, while following the cleavage of the Boc group, the amount of amine functions in 3 was calculated in the range of 640 Ϯ 70 mol/g of material. This is a high value if one takes into account only the functionalization of the edges of graphene sheets considered as the most reactive sites. This is the first indication that 1,3-dipolar cycloaddition must take place also in the central carbonϪcarbon bonds of graphene layers.
The presence of organic groups on the graphene sheets was further analyzed by TGA. TGA plots under N 2 of graphite and products 1 and 2 are shown in Figure 1. The overall weight loss of exfoliated graphite, product 1, is ϳ1.5%, which can be attributed mostly to the solvent molecules stabilizing graphene sheets. 12 The observed weight loss for product 2 is 15%. The degree of functionalization is estimated to be approxi-mately 1 functional group in 128 carbon atoms and is in good agreement with the Kaiser test amine content.
To visualize the functional groups on the graphene sheets, we have used gold NRs which not only can be attached to free amino group 23 but also possess interesting optical properties arising from localized surfaceplasmon resonances. 24 In fact, due to the shape anisotropy of NRs, two well-defined types of resonances occur, parallel and transversal to the long axis of the rod. The sensitivity of the longitudinal plasmon band to interparticle interaction gives rise to strong changes in the absorption spectra, which are directly related to a plasmon coupling effect. 25 Taking advantage of this behavior, we have used AuNRs as contrast marker agents sensitive to aggregation. To this purpose, prior to the graphene conjugation experiment, CTAB was exchanged with poly(vinylpyrrolidone) (PVP) as previously reported 26 to allow for transfer into DMF without aggregation. The AuNR solution was then mixed with 1, 2, or 3 in DMF and monitored by UVϪvisϪNIR spectroscopy for 6 h, as shown in Figure 2 . The maximum of the longitudinal plasmon band (LPB) of initial, welldispersed AuNRs is marked with a dashed line. The LPB of AuNRs mixed with 1 and 2 remains unchanged, indicating no further interaction with either as-exfoliated or NH-Boc-functionalized graphene sheets. Conversely, in the case of rods mixed with 3, the LPB was broadened and red-shifted by about 110 nm, a behavior that indicates aggregation on the flat surface. 27 TEM analysis confirmed that AuNRs are indeed grafted onto the graphene sheets. Figure 3 shows the Scheme 1. Representation of functionalized graphene derivatives before and after the cleavage of the Boc protecting groups. Uniform distribution of the nanoparticles on the functionalized FLG indicates that the reaction has taken place not just at the edges of the graphene sheets but also at the central CAC. This is a very interesting result since it identifies exfoliated graphene as a considerably more reactive structure than graphite and hence opens the possibility to control the degree of graphene functionalization to obtain specific nanostructures. Figure 4 shows the Raman spectra of the graphene products compared to graphite. In the graphite spectra, there are two intense features, which are the vibrational G band and the two-phonon 2D band. The second-order Raman 2D band is sensitive to the number of layers in graphene, as has been proposed in the literature. 28 Unfortunately, in our Raman spectra, we are not able to identify single-layer graphenes, which have a very sharp and symmetric band. Nevertheless, by the position and the shape of the 2D band at about 2700 cm Ϫ1 and the relative intensity of the G and 2D bands, we observe most of the aggregates as few-layer graphenes (FLG), as reported in Figure 4 . A clear difference between functionalized and nonfunctionalized FLG is the appearance of the disorder D band at about 1350 cm Ϫ1 . In 1, the D band is weak and may arise from the presence of defects at the graphene edges and the interaction with the substrate. An important feature of the D band is that its intensity decreases with the increase of graphene thickness and is invisible for bulk graphite, demonstrating that defects are more easily introduced into thinner graphene sheets, 29 allowing the organic functionalization preferentially on monolay- ers and FLG. As observed, for products 2 and 3, there is an increase in the intensity of the D band associated with the presence of defects on the lattice as a result of the organic functionalization. As a consequence, after 1,3-dipolar cycloaddition, it is possible to increase the concentration of graphene layers obtaining stable dispersions of 0.1 mg/mL, as calculated by UVϪvis spectroscopy.
To confirm the presence of the organic groups involved in the reaction, all products were characterized by X-ray photoelectron spectroscopy, a direct method for determining the surface elemental composition of a material. The C1s core level photoemission spectra of 2 and of the graphite used as starting material are shown in Figure 5a ,b, respectively. The spectral analysis procedure consists of mathematically reconstructing the spectrum with a minimum number of peaks consistent with the raw data and the molecular structure, with the simplification of assuming equivalent carbon atoms depending on their environment. On this basis, four contributions to the carbon 1s core level region recorded for the functionalized graphene can be identified: A first main peak at a binding energy of 284.8 eV is assigned to the CϪC bonds of the graphene sheet. A second peak due to carbons bound to oxygen and to nitrogen is seen at 286.2 eV, while the CAO and OϪCAO contributions are found at 287.5 and 289.0 eV, respectively. The presence of these carbon atoms clearly confirms the successful functionalization of graphene. The graphite C1s spectrum (Figure 5b ) plotted for comparison verifies the good quality of the sample. Figure 6 shows the photoemission spectra and fit of the C1s core level region of two types of functionalized graphene after exposure to Au nanorods: (a) 2-Au and (b) 3-Au. Comparison with the C1s peak of functionalized graphene discussed above (Figure 6a ) demonstrates that only the spectrum of product 3-Au (Figure 6b) shows an additional peak at 283.9 eV binding energy, attributed to the CϪNϪAu bond. 30, 31 This means that the amino groups recognize the AuNRs, as previously shown by UVϪvisϪNIR spectroscopy. The other difference between the spectra in Figure 6 is that, of course, the carbonyl peak is more intense for 2 (Figure 6a) .
Additional evidence for the presence of the Boc groups comes from the O1s core level photoemission spectra for 2 and 3 shown in Figure 7 . In fact, as expected, the contributions from carbonyl and carboxyl groups are more important for product 2 (Figure 7a ). From the fit of the O1s and the C1s spectra, we can deduce the intensities of the different contributions and find that the carbonyl and carboxyl group intensities in the O1s spectra totally agree with the corresponding C1s intensities. From these intensities, we can calculate the atomic percentages of the elements present after application of the two functionalization procedures. This quantitative analysis is reported in Table 1 and shows a decrease of the oxygen levels from ϳ15 atomic % in product 2 to ϳ4 atomic % in product 3. Figure 8 shows the N1s core level photoemission spectra of products 2 and 3. In Figure 8a , the N-Boc nitrogen is identified at 400.4 eV, in analogy to a similar fullerene derivative, 32 while the pyrrolidine nitrogen is located at 398.9 eV. Therefore, from the fit of the spectra for 3 (Figure 8b) , we can identify the positively charged (NH 3 ϩ ) species of the amine group at a binding energy of 401.1 eV as well as the nitrogen of the pyrrolidine at 399.7 eV, whose shift with respect to 2 is probably due to partial protonation. On the basis of the XPS analysis, we can assume that the interactions between Au nanoparticles with 3 are driven by two different interactions, the formation of amine-gold bonding 33 (Figure 6b ) and the electrostatic recognition between protonated amine and PVP stabilizer. 34 
CONCLUSION
In summary, we have successfully produced functionalized graphene layers by condensation of a protected ␣-amino acid and paraformaldehyde followed by the deprotection of the Boc group. This derivative can be easily integrated with AuNRs that serve as contrast markers for the identification of the reactive sites and produces a nanocomposite material that can be used for diverse applications.
Further chemical modifications of graphenefunctionalized 3 can be easily envisioned, such as introduction of photoexcitable donorϪacceptor groups for photoinduced charge-transfer studies in photovoltaic devices.
EXPERIMENTAL SECTION
Chemicals. Tetrachloroauric acid (HAuCl 4 · 3H 2 O), silver nitrate (AgNO 3 ), sodium borohydride (NaBH 4 ), ascorbic acid, concentrated HCl, cetyltrimethylammonium bromide (CTAB), and poly-(vinylpyrrolidone) (PVP, M w ϭ 40 000) were purchased from Aldrich. All solvents were obtained from commercial suppliers and used without further purification. (2-[2-(2-tert-Butoxycarbonylaminoethoxy)ethoxy]ethylamino) acetic acid was synthesized according to reported procedure. 35 Milli-Q water with a resistivity of 18.2 M⍀ · cm was used in gold nanorod synthesis. Graphite was purchased from Bay Carbon, Inc. (SP-1 graphite powder, www.baycarbon.com).
Characterization Techniques. The optical characterization was carried out by UVϪvisϪNIR spectroscopy with a Cary 5000 spectrophotometer using 10 mm path length quartz cuvettes. TEM measurements were performed on a TEM Philips EM208, using an accelerating voltage of 100 kV. Samples were prepared by drop casting from the dispersion onto a TEM grid (200 mesh, nickel, carbon only). TGA, of approximately 1 mg of each compound, was recorded on a TGA Q500 (TA Instruments) under N 2 , by equilibrating at 100°C, and following a ramp of 10°C/min up to 1000°C. X-ray photoelectron spectroscopy (XPS) data were collected using an SSX-100 (Surface Science Instruments) spectrometer equipped with a monochromatic Al K␣ X-ray source (h ϭ 1486.6 eV); the photoelectron take off angle was 37°, and the energy resolution was set to 1.5 eV. An electron flood gun was used to compensate for sample charging; the base pressure during the measurement was 3 ϫ 10 10 mbar. Binding energies were referenced to the Au 4f 7/2 [1] and the Al 2p [1] core levels of the substrates on which the graphitic material was deposited. Spectral analysis included a Shirley background subtraction and peak separation using mixed GaussianϪLorentzian functions in a least-squares curve-fitting program (Winspec) developed in the LISE laboratory of the Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium. For N1s line, we employed a linear background subtraction due to low peak intensity, which does not al- low for Shirley background subtraction. The photoemission peak areas of each element used to estimate the amount of each species on the surface were normalized by the sensitivity factors of each element tabulated for the spectrometer used. The substrates were evaporated gold films supported on mica (cleaned in an ozone discharge for 15 min, followed by sonication in ethanol for 20 min immediately before being employed) or Al foil (purity 99.99%, Goodfellow, UK), which was polished (Brasso metal polish, Reckitt Benckiser UK Ltd., UK) to remove most of the impurities from the surface, sonicated in ethanol for 20 min, and dried in an oven (Thermo Electron Corporation, USA) at 65°C immediately before being employed. The samples were dispersed in NMP, then a drop was cast on the substrate and dried under vacuum. Raman spectra were recorded with an Invia Renishaw microspectrometer (50ϫ) equipped with HeϪNe laser at 633 and Ar laser at 488 nm. Samples were recorded from drops of the dispersions of graphene products in NMP deposited on glass surfaces. Surfaces were left to dry under vacuum. Graphite Exfoliation, Product 1. Twenty-four milligrams of graphite was dispersed in 200 mL of NMP and sonicated for 30 min in a low power sonic bath (2510 Branson). The resultant dispersion was then centrifuged using a Hettich Universal 320 centrifuge for 90 min at 500 rpm. Thereafter, decantation was carried out by pipetting off the top half of the dispersion.
1,3-Dipolar Cycloaddition on Graphene, Product 2. Fifty mL of exfoliated graphite solution was used to carry out the reaction. The graphene concentration of the solution was calculated by the optical characterization reported by Coleman and co-workers. 12 The concentration was normally found to range from 0.01 Ϯ 0.005 mg/mL. To perform the organic reaction, 1.5 equiv with respect to graphene of modified amino acid 35 and paraformaldehyde was added to the graphene suspension. The reaction mixture was heated at 125°C under magnetic stirring, while the reagents were added each 24 h for 5 days. The resulting mixture was filtered with a Millipore system (JH 0.45 m filter), and the solid was washed thoroughly with methanol until the solvent was clear. The product was dispersed in 20 mL of DMF by mild sonication.
Deprotection of the Boc Group, Product 3. To cleave the Boc group from functionalized graphene, product 2 was dispersed by sonication in a 4 M solution of HCl in dioxane. The solution was stirred magnetically for 5 h and then was filtered and washed thoroughly first with DMF and finally with methanol. After drying the solvent, the solid was dispersed in 20 mL of DMF, and the final concentration of FLG was measured by UVϪvis spectroscopy and found to range between 0.025 Ϯ 0.005 mg/mL. Kaiser Test. The amount of free amino groups per gram of graphene was measured in 0.5 mL solutions of products 1, 2, and 3 in DMF by the quantitative Kaiser test (Sigma-Aldrich). DMF was used as a blank sample. The Kaiser test is a colorimetric assay that reveals quantitatively the presence of primary amino groups and, therefore, the number of functional groups attached to graphene after reaction.
Gold Nanorod Preparation, AuNRs. A solution of gold seed was prepared by borohydride (30 mM, 0.3 mL) reduction of HAuCl 4 (0.25 mM, 5 mL) in aqueous cetyltrimethylammonium bromide (CTAB) solution (0.1 M). An aliquot of the seed solution (24 L) was added to a growth solution (10 mL) containing CTAB (0.1 M), HAuCl 4 (0.5 mM), ascorbic acid (0.8 mM), silver nitrate (0.12 mM), and HCl (18.6 mM). The mixture was left undisturbed for 4 h at 27°C.
Surface Functionalization of Gold NanorodsOPVP Coating. Typically, a suspension of as-prepared gold nanorods (10 mL) was centrifuged at 8000 rpm for 15 min, and the precipitate was redispersed in Milli-Q water (5 mL). Subsequently, 5 mL of CTABcoated gold nanorods was mixed with an aqueous solution of PVP (1.2 mM, 5 mL) and stirred overnight. The mixture was centrifuged at 4500 rpm for 60 min, and the precipitate was redispersed in 5 mL of DMF under sonication.
Graphene؊AuNR Composites. One milliliter of solutions of products 1, 2, and 3 was separately mixed with 2 mL of AuNR solution each. After 6 h of incubation, the grapheneϪAuNR composite solution was washed by centrifugation (1500 rpm, 20 min) and redispersed in DMF.
